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Genotypic variation and the role of defensive endosymbionts in
all-parthenogenetic host-parasitoid interaction
Abstract
Models of host-parasite coevolution predict pronounced genetic dynamics if resistance and infectivity
are genotype-specific or associated with costs, and if selection is fueled by sufficient genetic variation.
We addressed these assumptions in the black bean aphid, Aphis fabae, and its parasitoid Lysiphlebus
fabarum, Parasitoid genotypes differed in infectivity and host clones exhibited huge variation for
susceptibility. This variation occurred at two levels. Clones harboring Hamiltonella defensa, a bacterial
endosymbiont known to protect pea aphids against parasitoid enjoyed greatly reduced susceptibility, yet
clones without H. defensa also exhibited significant variation. Although there was no evidence for
genotype-specificity in the H. defensa-free clones interaction with parasitoids, we found such evidence
in clones containing the bacterium. This suggests that parasitoid genotypes differ in their ability to
overcome H. defensa, resulting in an apparent host x parasit oid genotype interaction that may be in fact
be due to an underlying symbiont x parasitoid genotype interaction. Aphid susceptibility to parasitoids
correlated negatively with fecundity and rate of increase, due to H. defensa-bearing clones being more
fecund on average. Hence, possessing symbionts may also be favorable in the absence of parasitoids,
which raises the question why H. defensa does not go to fixation and highlights the need to develop new
models to understand the dynamics of endosymbiont-mediated coevolution.
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Models of host-parasite coevolution predict pronounced genetic dynamics if resistance and 1 
infectivity are genotype-specific or associated with costs, and if selection is fuelled by 2 
sufficient genetic variation. We addressed these assumptions in the black bean aphid, Aphis 3 
fabae, and its parasitoid Lysiphlebus fabarum. Parasitoid genotypes differed in infectivity and 4 
host clones exhibited huge variation for susceptibility. This variation occurred at two levels. 5 
Clones harboring Hamiltonella defensa, a bacterial endosymbiont known to protect pea 6 
aphids against parasitoids, enjoyed greatly reduced susceptibility, yet clones without H. 7 
defensa also exhibited significant variation. While there was no evidence for genotype-8 
specificity in the H. defensa-free clones' interaction with parasitoids, we found such evidence 9 
in clones containing the bacterium. This suggests that parasitoid genotypes differ in their 10 
ability to overcome H. defensa, resulting in an apparent host × parasitoid genotype interaction 11 
that may in fact be due to an underlying symbiont × parasitoid genotype interaction. Aphid 12 
susceptibility to parasitoids correlated negatively with fecundity and rate of increase, due to 13 
H. defensa-bearing clones being more fecund on average. Hence, possessing symbionts may 14 
also be favorable in the absence of parasitoids, which raises the question why H. defensa does 15 
not go to fixation and highlights the need to develop new models to understand the dynamics 16 
of endosymbiont-mediated coevolution. 17 
 18 
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Reciprocal selection between hosts and their parasites may result in open-ended cycles of 21 
adaptation and counter-adaptation. Such genetic dynamics have been invoked as a driving 22 
force behind many important evolutionary phenomena, including the maintenance of genetic 23 
variation (Judson 1995), or even sex (Jaenike 1978; Hamilton 1980). The role ascribed to 24 
host-parasite interactions in maintaining diversity rests on reciprocal selection being negative 25 
frequency-dependent. This in turn hinges on sufficient genetic variation in both antagonists, 26 
and on the type of interaction between host and parasite genotypes. Two major models for the 27 
genetics underlying host-parasite interactions have been proposed, the matching alleles model 28 
(MA), which requires an exact allelic match between host and parasite for successful 29 
infection (Frank 1991), and the gene-for-gene model (GFG), in which resistant alleles in the 30 
host have to be countered by virulent alleles in the parasite for infection (Flor 1971). MA 31 
readily maintains genetic variation through negative frequency-dependent selection, because 32 
universal infectivity is not possible and a parasite's fitness is directly determined by the 33 
frequency of host genotypes it can infect (Frank 1994). The GFG model does not readily 34 
maintain variation, because it allows universal infectivity (Parker 1994), yet it can produce 35 
negative frequency-dependence if increased resistance and infectivity entail costs (Sasaki and 36 
Godfray 1999; Sasaki 2000; Agrawal and Lively 2002). It was convincingly argued by 37 
Agrawal and Lively (2002) that MA and GFG should be regarded as the endpoints of a 38 
continuum, and that genetic oscillations may occur on any point along this continuum. 39 
Empirically, the question of genetic variation for resistance in hosts and infectivity in 40 
parasites can be regarded as settled. Many studies on a wide variety of systems support the 41 
assumption (e.g. Webster and Woolhouse 1998; Carius et al. 2001; Lively et al. 2004; 42 
Salvaudon et al. 2007, just to name a few). With respect to the assumption of specific 43 
interactions among host and parasite genotypes, the picture is less clear. Although the MA 44 
model gains acceptance from a rapidly increasing number of studies reporting significant 45 
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genotype × genotype interactions (e.g. Carius et al. 2001; Schulenburg and Ewbank 2004; 46 
Lambrechts et al. 2005; e.g. Grech et al. 2006), counterexamples can be found, too (e.g. 47 
Hufbauer 2001; Duffy and Sivars-Becker 2007). Also, in most systems that do exhibit 48 
genotype-specificity, significant main effects are detected as well, i.e. some genotypes are 49 
generally more infective or resistant than others (Carius et al. 2001; Schulenburg and Ewbank 50 
2004). This is better described by the GFG model and suggests that costs may indeed be 51 
required to maintain variation. 52 
In insect host-parasitoid systems, reciprocal selection between antagonists is particularly 53 
strong because interactions are always a matter of life or death. Parasitoids only survive if 54 
they can overcome host defenses, hosts are invariably killed if their defenses fail. Genetically 55 
best characterized is the system consisting of the host Drosophila melanogaster, and two of 56 
its parasitoids, Asobara tabida and Leptopilina boulardi (Poirie et al. 2000; Dupas et al. 57 
2003). Hosts as well as parasitoids exhibit ample genetic variation for susceptibility and 58 
infectivity, respectively (Kraaijeveld and Van Alphen 1994; Fellowes and Godfray 2000), 59 
and their interaction appears consistent with the GFG model (Dupas et al. 2003). This implies 60 
that increased resistance or virulence comes at a cost in this system, for which there is indeed 61 
some evidence from selection experiments (Kraaijeveld and Godfray 1997; Kraaijeveld et al. 62 
2001). Another system in which significant genetic variation for susceptibility and infectivity 63 
has been detected is the pea aphid, Acyrthosiphon pisum, and its parasitoid Aphidius ervi 64 
(Henter 1995; Henter and Via 1995). If and how they interact genetically, however, has not 65 
yet been elucidated. Interestingly, much of the observed variation for susceptibility to 66 
parasitoids in pea aphids is due to endosymbiotic bacteria rather than genetic differences 67 
among aphid clones (Oliver et al. 2003; Ferrari et al. 2004; Oliver et al. 2005). All aphids 68 
harbor the obligate or primary endosymbiont Buchnera aphidicola, which serves a nutritional 69 
function (Douglas 1998). But in addition to B. aphidicola, pea aphids may harbor several 70 
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other endosymbiotic bacteria that are not indispensable for survival (Sandström et al. 2001; 71 
Tsuchida et al. 2002; Moran et al. 2005b). These are collectively referred to as facultative or 72 
secondary symbionts, and they have been shown to have remarkable phenotypic effects on 73 
their hosts. Best studied are Regiella insecticola, which in pea aphids can affect host 74 
specialization and increases resistance to a fungal pathogen (Tsuchida et al. 2004; 75 
Scarborough et al. 2005), Serratia symbiotica, which improves thermal tolerance and slightly 76 
increases resistance to parasitoids (Montllor et al. 2002; Oliver et al. 2003), and Hamiltonella 77 
defensa, which provides strong protection against parasitoids (Oliver et al. 2003; Ferrari et al. 78 
2004; Oliver et al. 2005). All secondary symbionts are faithfully transmitted from mother to 79 
daughter, yet phylogenetic evidence suggests that horizontal transmission is occasionally 80 
possible (Sandström et al. 2001; Russell et al. 2003). This may occur by sexual transmission 81 
via males of infected clones during the sexual phase of the aphid life-cycle (Moran and 82 
Dunbar 2006).  83 
The mechanistic basis of H. defensa's protective effect is only about to be investigated, but 84 
the latest evidence points to an important role for toxins that are encoded by bacteriophage 85 
genes within the genome of H. defensa (Moran et al. 2005a; Degnan and Moran 2008). While 86 
a study by Oliver et al. (2005) suggests that in pea aphids, all of the clonal variation for 87 
susceptibility to parasitoids is due to endosymbionts, a recent study on the peach-potato 88 
aphid, Myzus persicae, detected significant variation among clones without facultative 89 
endosymbionts (von Burg et al. 2008). This suggests that aphid parasitoids may have to deal 90 
with two levels of defense, that of innate resistance and that of resistance conferred by 91 
endosymbionts. The involvement of a third player in the interaction certainly poses a 92 
challenge for existing models, such as MA and GFG, to  predict host-parasitoid coevolution. 93 
Because the knowledge about phenotypic effects of secondary symbionts stems almost 94 
exclusively from pea aphids, it is not yet known whether these effects can be generalized 95 
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across other aphid hosts. Here we present an investigation of genetic and endosymbiont-96 
mediated variation for susceptibility to parasitoids in a different system, the black bean aphid, 97 
Aphis fabae, and its most important parasitoid, Lysiphlebus fabarum. We study this system 98 
because uniquely among aphid parasitoids, most populations of L. fabarum are all-female and 99 
reproduce by thelytokous parthenogenesis. Being able to 'freeze' and manipulate genetic 100 
variation in discrete units (i.e. aphid clones and thelytokous wasp lines) makes this a very 101 
powerful experimental system, especially for the analysis of genetic interactions among hosts 102 
and parasitoids. Also, at least some secondary symbionts known from pea aphids occur in A. 103 
fabae as well, including the defensive symbiont H. defensa (Chandler et al. 2008). We found 104 
H. defensa in 24% of a Europe-wide sample of A. fabae clones (C. Vorburger, C. Sandrock 105 
and J. Ferrari, unpublished data). Here we address the following questions: (1) Does H. 106 
defensa increase resistance to the parasitoid L. fabarum in A. fabae? (2) Is there clonal 107 
variation for susceptibility to parasitoids in the absence of secondary symbionts? (3) Is there 108 
evidence for genotype-specificity in this host-parasitoid interaction? And (4) Does increased 109 
resistance trade off with other components of fitness in A. fabae? 110 
 111 
MATERIALS AND METHODS 112 
 113 
The host-parasitoid system 114 
 115 
The black bean aphid, Aphis fabae, is widely distributed in temperate regions of the 116 
northern hemisphere and an important pest on several crops (Blackman and Eastop 2000). 117 
Here we focus on A. f. fabae, one of four recognized subspecies of this taxon that differ in the 118 
range of secondary host plants they use during the parthenogenetic phase of their life-cycle 119 
(Heie 1986; Raymond et al. 2001). In central Europe, A. f. fabae is host-alternating and 120 
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reproduces by cyclical parthenogenesis. Its primary host, where mating of sexual morphs and 121 
egg laying take place in autumn, is the European spindle tree (Euonymus europaeus). In 122 
spring, viviparous, parthenogenetic females hatch from these eggs and they or their clonal 123 
offspring migrate to herbaceous secondary host plants on which numerous parthenogenetic 124 
generations take place before back-migration to spindle in autumn. Aphis f. fabae mainly uses 125 
broad bean (Vicia faba) and several Chenopodiaceae as secondary hosts, particularly sugar 126 
beet (Beta vulgaris) and the common weed Chenopodium album. In southern Europe, where 127 
mild winters allow parthenogenetic overwintering and suitable secondary hosts are available 128 
year-round, obligate parthenogenesis also occurs in A. f. fabae (C. Sandrock, J. Razmjou and 129 
C. Vorburger, unpublished data). 130 
Aphis f. fabae is attacked by a number of aphid parasitoids (Hymenoptera: Braconidae: 131 
Aphidiinae), among which Lysiphlebus fabarum is the most important (Starý 2006). Female 132 
wasps oviposit a single egg into aphid nymphs. The larva hatches and develops inside the still 133 
growing aphid until it finally kills the host and spins a cocoon inside its dried remains for 134 
pupation. This forms the characteristic mummy from which the adult wasp emerges. 135 
Lysiphlebus fabarum also attacks a number of alternative hosts, mostly within the genus 136 
Aphis (Starý 2006). Unlike other aphidiine wasps, which are haplo-diploid sexuals 137 
(arrhenotoky), L. fabarum is parthenogenetic over much of its range, although sexual 138 
populations are known, too. Parthenogenetic females produce diploid daughters without 139 
fertilization (thelytoky). Parthenogenesis is not induced by Wolbachia in this species 140 
(Belshaw and Quicke 2003) and seems to have a simple genetic basis (C. Sandrock & C. 141 
Vorburger, unpublished data). While aphid parthenogenesis is apomictic, i.e. only involves 142 
mitotic cell divisions, parthenogenesis in L. fabarum is achieved by a modified meiosis in 143 
which diploidy is restored via a process termed central fusion automixis (Belshaw and 144 
Quicke 2003). In this process, heterozygosity is lost distal to chiasmata.  145 
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 146 
Experimental lines 147 
 148 
Aphids were collected in June and July 2006 as part of a Europe-wide sampling program. 149 
The 24 clones of A. fabae used here stem from several sites in Switzerland, all located north 150 
of the Alps and separated by between 5 and 150 km. We took samples from secondary hosts 151 
by clipping infested leaves or shoots and used a single parthenogenetic female per sample to 152 
establish a clonal line in the lab. Only one line (Af1) was collected earlier (May 2004) from 153 
the primary host spindle. Clones were maintained on seedlings of broad bean (Vicia faba, var. 154 
'Scirocco') under conditions that ensure continuous apomictic parthenogenesis (16 h 155 
photoperiod at 20°C). We genotyped all clones at eight microsatellite loci (Coeur d'Acier et 156 
al. 2004) and screened them for secondary symbionts by amplifying the bacterial 16S 157 
ribosomal RNA gene with universal bacterial primers (10F, 35R; Sandström et al. 2001; 158 
Russell and Moran 2005). PCR reactions were run on 2% agarose gels and when a product 159 
was present, it was sequenced. All 24 clones had different multilocus microsatellite 160 
genotypes. Twelve of these clones were infected with secondary symbionts; nine harbored H. 161 
defensa and three harbored R. insecticola. These results obtained by sequencing were 162 
confirmed by diagnostic PCR, using primer pairs specific to the three most common 163 
secondary symbionts of aphids, H. defensa, R. insecticola and S. symbiotica (Sandström et al. 164 
2001; Russell et al. 2003; Tsuchida et al. 2006). The clones' microsatellite genotypes and 165 
infections with secondary symbionts are listed in table 1, together with additional collection 166 
information. The H. defensa 16S ribosomal RNA gene sequences from all infected clones 167 
were the same (Genbank accession number FJ155800), and the same was true for the R. 168 
insecticola sequences (FJ205480). They are to 99% identical with previously published 169 
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sequences of these bacteria from pea aphids (e.g. AY296733 and AY296734; Moran et al. 170 
2005b) 171 
For aphid exposures to parasitoids we used two different thelytokous lines of L. fabarum 172 
that were also collected during a larger sampling program. The first line, 06-297, was 173 
collected in June 2006 in Rennes, France, from a colony of A. fabae cirsiiacanthoides on 174 
creeping thistle (Cirsium arvense). The second was collected in September 2007 in Zürich 175 
from a colony of A. hederae on ivy (Hedera helix). Both lines were founded by a single 176 
thelytokous female that was allowed to attack a colony of A. f. fabae on broad bean, and they 177 
are since maintained as mass cultures in cages stocked with A. f. fabae on broad bean. Due to 178 
central fusion automixis, these isofemale lines are not true clones. However, because this 179 
form of parthenogenesis rapidly leads to homozygosity distal to chiasmata and leaves non-180 
recombining areas of the genome unaffected, the lines can still be regarded as genetically 181 
uniform. We genotyped the founding individual at 12 microsatellite loci (Fauvergue et al. 182 
2005; Sandrock et al. 2007), and we re-genotyped the lines repeatedly until just before the 183 
experiment in fall 2007. Their microsatellite genotypes remained exactly the same throughout 184 
this period. We provide these genotypes and collection details in table 2. 185 
 186 
Experimental procedures 187 
 188 
Our experiment quantified the susceptibility of all 24 clones of A. f. fabae to both 189 
thelytokous lines of L. fabarum, as well as two aphid life-history traits, adult size and daily 190 
fecundity. Following Henter and Via (1995), our basic assay to estimate susceptibility to 191 
parasitoids was to expose groups of aphid nymphs to wasps for a fixed period of time and 192 
measure the proportion of individuals that were mummified. This approach cannot 193 
distinguish between pre-ovipositional defenses (e.g. avoidance behavior) and post-194 
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ovipositional defenses of aphids (physiological resistance against the parasitoid egg or larva). 195 
However, previous studies have shown that differences in the rate of mummification among 196 
aphid clones do not arise from differences in oviposition by parasitoids (Henter and Via 197 
1995), and that parasitoids do not oviposit less in aphids harboring defensive endosymbionts 198 
than in aphids without secondary symbionts (Oliver et al. 2003). The proportion of 199 
individuals mummified can therefore be interpreted as a reliable measure of host 200 
susceptibility. Each combination of host clone and parasitoid line was replicated ten times, 201 
resulting in a total of 480 colonies of aphid nymphs tested. 202 
To start the experiment, we split each aphid clone into ten sublines that were assigned to 203 
random positions in ten different plastic trays (randomized complete blocks). Trays were 204 
placed in a climatized room at 20°C under fluorescent lights providing a 16 h photoperiod. 205 
Environmental maternal or grandmaternal effects carried over from the stock culture can 206 
inflate estimates of among-clone variance (Lynch 1985). To avoid this, we maintained the 207 
sublines for several generations before measurements. This renders replicates truly 208 
independent and allowed us to measure differences among clones that are uncounfounded by 209 
shared environmental effects. Adult size was measured in individuals of the third subline 210 
generation, daily fecundity in the fourth subline generation, and the nymphs exposed to 211 
parasitoids belonged to the fifth subline generation. To keep the daily work load manageable, 212 
the experiment was temporally staggered such that two trays (i.e. two experimental blocks 213 
with one replicate of every host clone × parasitoid line each) were handled on the same day. 214 
Aphids were maintained on seedlings of broad bean grown in 0.07 l plastic pots and covered 215 
with cages made from transparent plastic cylinders that had one end covered with fine gauze 216 
for ventilation. The next subline generation was always founded by placing three adults from 217 
the previous generation on a new seedling, where they were allowed to reproduce for 24 h 218 
and then discarded. To estimate clonal variation for adult size, we weighed the three third-219 
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generation adults founding the fourth subline generation on a Mettler MX5 microbalance 220 
(Mettler-Toledo GmbH, Greifensee, Switzerland) to the nearest µg before disposal. When the 221 
fourth subline generation was adult, we removed ten adults and placed five on each of two 222 
new seedlings for 24 h to produce the fifth-generation nymphs for exposure to parasitoids 223 
(one colony for parasitoid line 06-297 and one for 07-59). Two days later, when offspring 224 
were 48 – 72 h old, we counted all aphid nymphs on the plants (mean colony size = 33.8 ± 225 
7.5 SD) and added two female wasps to each caged colony. The wasps were approx. 1 – 2 226 
days old when used and had been reared on large colonies of a susceptible clone of A. f. fabae 227 
that was not included in the experiment. After 6 h on the colony, we discarded the wasps and 228 
replaced the cage with a large cellophane bag to allow unimpeded host plant growth. Nine 229 
days after exposure to wasps, all successfully parasitized aphids had turned to mummies and 230 
were counted. 231 
The aphid colonies we exposed to parasitoids were produced by five adults within 24 h. 232 
We could therefore use the initial counts to calculate a second life-history trait, the daily 233 
fecundity per individual. Because we only counted nymphs when they were 48 -72 days old, 234 
we might have slightly underestimated fecundity if there was some very early mortality. 235 
However, under the benign conditions of the experiment (young plants, low aphid densities), 236 
early mortality is very low. In some replicates, not all five mothers of the test generation were 237 
still alive when we removed them from the plants after 24 h. These replicates were excluded 238 
from the analysis of daily fecundity. 239 
 240 
Statistical analyses 241 
 242 
Susceptibility to parasitoids was expressed as the proportion of aphids exposed to wasps 243 
that were successfully mummified. These proportions were arcsin-square root transformed 244 
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and analyzed with a linear mixed model with REML estimation, using the lmer procedure of 245 
the lme4 library, a contributed package to the open source statistical software R 2.7.1 (R 246 
Development Core Team 2008). We tested for the effects of block (random), infection with 247 
H. defensa (fixed), parasitoid line (fixed), the infection × parasitoid interaction (fixed), aphid 248 
clone nested within infection (random) and the aphid clone × parasitoid line interaction 249 
(random). Colony size, i.e. the number of nymphs exposed to the wasps in each replicate, was 250 
included as a covariate in the model. Random effects were tested by running models with and 251 
without the effects to compare them with likelihood ratio tests. Significance tests of fixed 252 
effects in mixed models are normally based on t or F statistics, yet this approach has been 253 
disputed, mainly for disagreement about how to calculate the appropriate degrees of freedom 254 
(Baayen et al. 2008). A modern alternative is to use Markov Chain Monte Carlo sampling to 255 
obtain the highest posterior density (HPD) intervals and associated p-values for the fixed 256 
effect parameters (Baayen 2008). We used this approach (10,000 iterations), which is 257 
implemented in the pvals.fnc function of the languageR library, another contributed package 258 
to R. This function also provides the 95% HPD intervals for random effects, which we report 259 
with the estimates of variance components. Note, however, that these intervals are 260 
constrained to never contain zero (Baayen 2008; Baayen et al. 2008), which is why inference 261 
of statistical significance is based on the likelihood ratio tests. 262 
Aphid adult mass and daily fecundity were also analyzed with linear mixed models, 263 
testing for the effect of block (random), infection with H. defensa (fixed) and clone nested 264 
within infection (random). To detect potential trade-offs between the ability to resist 265 
parasitoids and reproduction, we compared the mean proportion of individuals mummified by 266 
the two wasp lines with fecundity using product-moment correlations of clone means, which 267 
provide an approximation of the genetic correlation among traits (Via 1991). By using low 268 
densities of aphids on young host plants we reared the aphids under very benign growth 269 
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conditions. The expression of trade-offs may be sensitive to the conditions under which they 270 
are assayed (Hoffmann and Parsons 1991), and it has been argued that trade-offs are more 271 
likely to be expressed under stressful conditions (Blanckenhorn and Heyland 2005). 272 
Therefore, we also compared the mummification rates with estimates of life-history traits 273 
from another experiment in which 22 of the clones used here were reared under more 274 
stressful growth conditions (L. Castañeda, C. Sandrock and C. Vorburger, unpublished data). 275 
In that experiment, aphids were confined in clip cages on leaves of older plants, which 276 
greatly extended their developmental period and reduced their mean fecundity by 51% 277 
compared to the present experiment. 278 
 279 
RESULTS 280 
 281 
Susceptibility to parasitoids 282 
 283 
The 24 clones of A. f. fabae exhibited extensive variation in their susceptibility to the 284 
parasitoid L. fabarum. This variation was due to two sources. First, clones harboring H. 285 
defensa were significantly less susceptible (Table 3, Fig. 1), with all but one of the nine 286 
clones being entirely or almost entirely resistant. Interestingly, this one differing clone 323 287 
could be mummified by parasitoid line 06-297, however not by line 07-59 (Fig. 1). This 288 
specific susceptibility to one of the two parasitoid lines was responsible for the significant 289 
host clone × parasitoid line interaction in the overall analysis (Table 3). When the analysis 290 
was restricted to just the H. defensa-free clones, there was no significant interaction and 291 
therefore no evidence for genotype-specificity (Table 3). Second, there was highly significant 292 
variation in the proportion of individuals mummified among clones that did not harbor H. 293 
defensa (Table 3. Fig. 1). These results remained virtually unchanged when we also excluded 294 
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the three clones harboring R. insecticola to only look at secondary symbiont-free clones (host 295 
clone: LR χ2 = 19.719, P < 0.001, parasitoid × host clone: LR χ2 = 0.000, P = 0.996). This 296 
indicates genetic variation for innate defenses that is certainly not trivial (up to two-fold 297 
differences in susceptibility), but cannot provide complete protection against parasitoids (Fig. 298 
1). The covariate colony size did not have a significant effect on the proportion of individuals 299 
mummified, neither when all clones nor when just H. defensa-free clones were considered 300 
(Table 3). Although non-significant, the parameter estimate for this effect was negative in 301 
both analyses, suggesting that time constraints might have prevented the wasps from 302 
attacking all hosts when more aphid nymphs were available on the plant. 303 
Because we had only three clones harboring R. insecticola (259, 326, 333), we did not 304 
formally test for a potential effect of this bacterium. However, the mummification rates of 305 
these three clones were well within the range of clones without secondary symbionts (Fig. 1), 306 
suggesting that R. insecticola does not affect susceptibility to parasitoids in A. fabae. There 307 
was a slight difference in infectivity between the two parasitoid lines we used. Line 06-297, 308 
the line that was able to parasitize the H. defensa-bearing clone 323, also achieved higher 309 
rates of mummification on most H. defensa-free clones, an effect that was marginally 310 
significant (Table 3, Fig. 1). 311 
 312 
Correlations with other fitness components 313 
 314 
There was substantial variation among aphid clones in the two life-history traits we 315 
measured, adult mass and daily fecundity, and these two traits were positively correlated (Fig. 316 
2). On average, adults of clones harboring H. defensa were heavier and more fecund than 317 
clones without this endosymbiont, yet there was highly significant variation also among 318 
clones within these two groups (Table 4, Fig. 2). Again, we did not formally test for the effect 319 
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of R. insecticola because only three clones harbored this bacterium. These three clones 320 
differed widely in their life-history traits (Fig. 2), precluding any meaningful inference. 321 
Because H. defensa-bearing clones were characterized by high resistance to parasitoids as 322 
well as high fecundity, we detected a significant negative correlation between susceptibility 323 
to parasitoids and fecundity across all clones (Fig. 3). When clones with H. defensa or all 324 
clones with secondary symbionts were excluded, on the other hand, there were no significant 325 
relationships between susceptibility and fecundity (Fig. 3). Thus, we found no evidence for a 326 
trade-off between defense and reproduction under the benign conditions of this experiment. 327 
Because trade-offs may only be expressed under more stressful conditions (Blanckenhorn and 328 
Heyland 2005), we also compared our estimates of susceptibility to L. fabarum with life-329 
history data from a previous experiment where conditions were such that the mean fecundity 330 
was less than half of that in the present study (L. Castañeda, C. Sandrock and C. Vorburger, 331 
unpublished data). In the 22 clones that were included in both experiments, the estimates of 332 
fecundity from the two experiments were positively correlated (r = 0.588 ± 0.181, P = 0.004). 333 
Not surprisingly, therefore, the relationship between susceptibility to parasitoids and 334 
fecundity was also negative when fecundity was measured under more stressful conditions (r 335 
= -0.536 ± 0.189, P = 0.010). The previous experiment also provided an estimate of the 336 
intrinsic rate of increase (rm) for each clone, a more inclusive estimate of fitness than just 337 
fecundity. Across all clones, this estimate was also negatively related to susceptibility to L. 338 
fabarum (r = -0.440 ± 0.201, P = 0.040). When clones harboring H. defensa were excluded, 339 
these correlations remained negative but were no longer significant (susceptibility vs. 340 
fecundity: r = -0.396 ± 0.255, P = 0.144; susceptibility vs. rm = -0.406 ± 0.253, P = 0.133), 341 
and the same was true when all clones with secondary symbionts were excluded 342 
(susceptibility vs. fecundity: r = -0.442 ± 0.284, P = 0.150; susceptibility vs. rm = -0.388 ± 343 
0.291, P = 0.212). Thus, even when life-history traits are assayed under more stressful 344 
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conditions, there is no indication that the ability to defend against parasitoids trades off with 345 
other components of fitness. 346 
 347 
DISCUSSION 348 
 349 
We investigated the roles of genotypic variation and facultative endosymbionts in the 350 
interaction between the black bean aphid and its thelytokous parasitoid L. fabarum. The first 351 
important result is that just as in pea aphids (Oliver et al. 2003), the facultative endosymbiotic 352 
bacterium H. defensa appears to provide the black bean aphid with effective protection 353 
against parasitoids. Our evidence is correlative, however, because we used naturally infected 354 
or uninfected clones and did not experimentally manipulate aphid infection status. 355 
Nevertheless, the known function of this bacterium in pea aphids, combined with the striking 356 
difference between infected and uninfected clones observed here, provide strong support for a 357 
defensive role of H. defensa also in A. f. fabae. The three clones harboring R. insecticola, on 358 
the other hand, did not appear to enjoy increased resistance, which is also consistent with 359 
findings from pea aphids (Oliver et al. 2003). Other than that, we cannot draw any 360 
meaningful conclusions about phenotypic effects of R. insecticola in black bean aphids 361 
because so few of our clones were infected with this bacterium. 362 
In pea aphids, infection with H. defensa reduces susceptibility to the parasitoid A. ervi by 363 
between 15 and 75% (Oliver et al. 2005). The effect in the black bean aphid thus seems very 364 
strong in comparison, because with one interesting exception, clones harboring H. defensa 365 
enjoyed essentially complete resistance (Fig. 1). These aphids have different parasitoids, of 366 
course, but the difference may also be due to different strains of H. defensa being involved. 367 
Oliver et al. (2005) have shown that different isolates of this bacterium provide different 368 
levels of protection. This suggests the possibility that clone 323, which was only resistant 369 
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against one of the two parasitoid lines, may harbor a different strain of H. defensa than the 370 
better protected clones. Meanwhile, we have discovered a second H. defensa-infected clone 371 
in our collection of black bean aphids that expresses a similar pattern of susceptibility as 372 
clone 323. This other clone (Af6), which was not included in the present experiment, is 373 
completely resistant to parasitoid line 07-59 (mean proportion mummified = 0.000, n = 4 374 
colonies tested), but susceptible to line 06-297 (mean proportion mummified = 0.798 ± 0.088 375 
SE, n = 7). These results suggest that there is variation among genotypes of L. fabarum in the 376 
ability to parasitize different H. defensa-bearing hosts. This is further supported by our recent 377 
discovery of a thelytokous line of L. fabarum that is able to parasitize some of the H. defensa-378 
harboring clones that were entirely resistant to the two parasitoid lines in this experiment (C. 379 
Vorburger, R. Sieber and Y. Zimmermann, unpublished data). 380 
These findings pertain to the expected coevolutionary dynamics in this host-parasitoid 381 
system. Genotypic variation in L. fabarum not only comprises quantitative differences in 382 
general infectivity, it also seems to include differences in the ability to overcome the 383 
protective effect of H. defensa. Thus, the conditions are given for the evolution of improved 384 
counterdefenses in parasitoids by selection for genotypes that are better able to infect hosts 385 
with defensive symbionts, e.g. in host populations with a high frequency of H. defensa. More 386 
interestingly, this variation can result in significant host genotype × parasitoid genotype 387 
interactions, which are, however, mediated by the host's endosymbiont and may be better 388 
described as symbiont × parasitoid genotype interactions. The genotype-specificity of the 389 
endosymbiont-mediated host-parasitoid interaction stands in contrast to the pattern we 390 
observed in H. defensa-free clones. There, host resistance and parasitoid infectivity behaved 391 
like graded traits without any evidence for genotype-specificity. Of course, the genotypic 392 
variation of parasitoids was poorly sampled with just two thelytokous lines used in this 393 
experiment. Yet we obtained the same outcome in another experiment in which seven 394 
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different thelytokous lines of L. fabarum were tested against H. defensa-free clones (C. 395 
Sandrock, A. Gouskov & C. Vorburger, unpublished data). Taken together, the available 396 
evidence provides the picture of a rather complex scenario of endosymbiont-mediated 397 
coevolution in our study system, for which established genetic interaction models like MA or 398 
GFG may be of limited utility. The parasitoid appears to be confronted with two lines of 399 
defense that differ in their effectiveness and specificity. Innate defenses can only provide 400 
aphids with limited protection, yet this protection appears to work against all parasitoid 401 
genotypes. Acquired defenses provided by the facultative endosymbiont H. defensa, on the 402 
other hand, are more effective and may even provide complete protection, yet they exhibit 403 
some degree of specificity and may fail against certain parasitoid genotypes. 404 
Another important result from this study is the apparent lack of costs to increased 405 
resistance in the black bean aphid. If we just focused on H. defensa-free clones, susceptibility 406 
to parasitoids and life-history traits like fecundity or rate of increase were genetically 407 
uncorrelated, consistent with previous studies on the peach-potato aphid (von Burg et al. 408 
2008) and the pea aphid (Ferrari et al. 2001; but see Gwynn et al. 2005). If we included all 409 
clones in the comparison, we even found the opposite of a trade-off. Clones protected by H. 410 
defensa were not only very resistant to parasitoids, they were also more fecund on average 411 
and therefore exhibited a higher intrinsic rate of increase. Again, we have to urge caution in 412 
interpreting this result, because by using naturally infected or uninfected clones we obtained 413 
correlative evidence and cannot prove a causal link between H. defensa and increased host 414 
fecundity. A study comparing two experimentally infected clones of the pea aphid with their 415 
naturally uninfected counterparts detected a modest but non-significant increase of fecundity 416 
in the presence of H. defensa (Oliver et al. 2008), which is experimental evidence supportive 417 
of our finding. A comparison of naturally infected and uninfected pea aphids by Darby et al. 418 
(2003) detected no significant difference. This apparent lack of costs is puzzling considering 419 
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that H. defensa provides large benefits in the presence of parasitoids (Oliver et al. 2003; 420 
Ferrari et al. 2004; Oliver et al. 2006; Oliver et al. 2008, this study). Why does H. defensa not 421 
go to fixation in aphid populations? One reason may be that simple measurements of fitness 422 
components are inappropriate for detecting costs. This is suggested by a population cage 423 
experiment using pea aphids, in which an experimentally infected clone decreased in 424 
frequency when competing against the same clone without H. defensa in the absence of 425 
parasitoids (Oliver et al. 2008). Thus, we should test for potential costs of harboring H. 426 
defensa in the black bean aphid also under more realistic conditions before drawing any 427 
definite conclusions. An alternative explanation for the low to moderate frequencies of H. 428 
defensa in natural populations would be that aphids frequently lose their facultative 429 
symbionts. This is at odds with the presently available evidence that vertical transmission 430 
during parthenogenetic reproduction is virtually 100% under laboratory conditions 431 
(Sandström et al. 2001; Darby and Douglas 2003). However, the situation may be different 432 
under natural conditions. Bensadia et al. (2006) found that in three pea aphid clones 433 
harboring H. defensa, resistance to parasitoids was lost when aphids were reared at a high 434 
temperature of 30°C. Although this was not directly tested in that study, it is tempting to 435 
conjecture that hot temperatures may cure aphids from facultative endosymbionts, and that 436 
this may occur naturally during hot spells. Such an effect is known from Wolbachia, a 437 
bacterial symbiont of many arthropods (e.g. Van Opijnen and Breeuwer 1999). Alternatively, 438 
facultative endosymbionts may be lost during the sexual phase of the aphid life-cycle, at least 439 
where aphids reproduce by cyclical parthenogenesis, which is the case for A. f. fabae in 440 
central Europe. This has never been tested in black bean aphids, but Moran and Dunbar 441 
(2006) found less than perfect maternal transmission of facultative endosymbionts in sexual 442 
females of the pea aphid. This was observed for R. insecticola, not for H. defensa (Moran and 443 
Dunbar 2006), but it cannot be excluded that such losses also occur in H. defensa. With 444 
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approx. 4%, the overall rate of loss appears too small to compensate for the beneficial effects 445 
of endosymbionts, but such losses may nevertheless be a relevant factor among all the 446 
interacting forces that keep H. defensa and other beneficial endosymbionts at low to moderate 447 
levels in natural populations of aphids. 448 
 449 
Conclusions 450 
 451 
The facultative endosymbiotic bacterium H. defensa provides the black bean aphid with 452 
strong protection against the parasitoid L. fabarum, just as it protects the pea aphid against its 453 
parasitoid A. ervi (Oliver et al. 2003). This suggests that the defensive function of H. defensa 454 
against parasitoids can probably be generalized to most or all aphids harboring this 455 
bacterium. A new insight from our study is that infection with H. defensa may give rise to 456 
apparent genotype-specificity in the host's interaction with parasitoids and that defenses 457 
conferred by the endosymbiont overlay (or even overwhelm) substantial genetic variation for 458 
innate defenses. Considering that a large fraction of animal hosts harbor facultative 459 
endosymbionts (Dale and Moran 2006), of which few are as well studied as those of aphids, 460 
we argue that experimental or comparative separation of their phenotypic effects will be 461 
required in many systems for correct interpretation of genotypic variation. What is still poorly 462 
understood even in aphids are the factors that determine the infection frequencies with 463 
secondary symbionts. Since they have such strong beneficial effects, there must also be 464 
mechanisms reducing their frequency to the moderate levels at which they are typically 465 
observed (Tsuchida et al. 2002; Simon et al. 2003; Oliver et al. 2006). Likely candidates 466 
include occasional loss of symbionts or environment-dependent costs of harboring them. As 467 
yet, the evidence for neither is persuasive, and our findings do not aid with this problem. On 468 
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the contrary, they suggest that aphid clones harboring H. defensa should also be favored in 469 
the absence of parasitoids, at least under the conditions of our experiment. 470 
While many of these unresolved issues require more empirical work, there is also a need 471 
to develop new theory to predict the expected dynamics of endosymbiont-mediated 472 
coevolution and its potential to maintain polymorphism under different assumptions 473 
regarding relevant parameters such as genotype-specificity, costs and benefits of harboring 474 
endosymbionts, or reliabilities and rates of vertical and horizontal transmission, respectively. 475 
 476 
ACKNOWLEDGEMENTS 477 
 478 
We thank two anonymous reviewers for their constructive comments on the manuscript. 479 
This study was supported by a grant from the Swiss National Science Foundation (3100A0-480 
109266) to CV, as well as by a CONICYT doctoral grant (AT-24060132) and doctoral 481 
fellowship to LEC. LEC also acknowledges AUS0111-MECESUP and UACh-Postgrado 482 
fellowships to travel and stay in CV's lab in Switzerland. 483 
 484 
 22
LITERATURE CITED 485 
 486 
Agrawal, A., and C. M. Lively.  2002.  Infection genetics: gene-for-gene versus matching-487 
alleles models and all points in between. Evolutionary Ecology Research 4:79-90. 488 
Baayen, R. H.  2008.  Analyzing Linguistic Data. A Practical Introduction to Statistics. 489 
Cambridge University Press, Cambridge. 490 
Baayen, R. H., D. J. Davidson, and D. M. Bates.  2008.  Mixed-effects modeling with crossed 491 
random effects for subjects and items. Journal of Memory and Language 59:390-412. 492 
Belshaw, R., and D. L. J. Quicke.  2003.  The cytogenetics of thelytoky in a predominantly 493 
asexual parasitoid wasp with covert sex. Genome 46:170-173. 494 
Bensadia, F., S. Boudreault, J. F. Guay, D. Michaud, and C. Cloutier.  2006.  Aphid clonal 495 
resistance to a parasitoid fails under heat stress. Journal of Insect Physiology 52:146-157. 496 
Blackman, R. L., and V. F. Eastop.  2000.  Aphids on the World's Crops: An Identification 497 
and Information Guide. John Wiley and Sons, Chichester. 498 
Blanckenhorn, W. U., and A. Heyland.  2005.  The quantitative genetics of two life history 499 
trade-offs in the yellow dung fly in abundant and limited food environments. Evolutionary 500 
Ecology 18:385-402. 501 
Carius, H. J., T. J. Little, and D. Ebert.  2001.  Genetic variation in a host-parasite 502 
association: Potential for coevolution and frequency-dependent selection. Evolution 503 
55:1136-1145. 504 
Chandler, S. M., T. L. Wilkinson, and A. E. Douglas.  2008.  Impact of plant nutrients on the 505 
relationship between a herbivorous insect and its symbiotic bacteria. Proceedings of the 506 
Royal Society B-Biological Sciences 275:565-570. 507 
 23
Coeur d'Acier, A., M. Sembene, P. Audiot, and J. Y. Rasplus.  2004.  Polymorphic 508 
microsatellites loci in the black Aphid, Aphis fabae Scopoli, 1763 (Hemiptera, Aphididae). 509 
Molecular Ecology Notes 4:306-308. 510 
Dale, C., and N. A. Moran.  2006.  Molecular interactions between bacterial symbionts and 511 
their hosts. Cell 126:453-465. 512 
Darby, A. C., and A. E. Douglas.  2003.  Elucidation of the transmission patterns of an insect-513 
borne bacterium. Applied and Environmental Microbiology 69:4403-4407. 514 
Darby, A. C., C. R. Tosh, K. F. A. Walters, and A. E. Douglas.  2003.  The significance of a 515 
facultative bacterium to natural populations of the pea aphid Acyrthosiphon pisum. 516 
Ecological Entomology 28:145-150. 517 
Degnan, P. H., and N. A. Moran.  2008.  Evolutionary genetics of a defensive facultative 518 
symbiont of insects: exchange of toxin-encoding bacteriophage. Molecular Ecology 519 
17:916-929. 520 
Douglas, A. E.  1998.  Nutritional interactions in insect-microbial symbioses: Aphids and 521 
their symbiotic bacteria Buchnera. Annual Review of Entomology 43:17-37. 522 
Duffy, M. A., and L. Sivars-Becker.  2007.  Rapid evolution and ecological host-parasite 523 
dynamics. Ecology Letters 10:44-53. 524 
Dupas, S., Y. Carton, and M. Poirie.  2003.  Genetic dimension of the coevolution of 525 
virulence-resistance in Drosophila - parasitoid wasp relationships. Heredity 90:84-89. 526 
Fauvergue, X., C. Tentelier, G. Genson, P. Audiot, T. Guillemaud, and R. J. Streiff.  2005.  527 
Microsatellite DNA markers for Lysiphlebus testaceipes. Molecular Ecology Notes 5:109-528 
111. 529 
Fellowes, M. D. E., and H. C. J. Godfray.  2000.  The evolutionary ecology of resistance to 530 
parasitoids by Drosophila. Heredity 84:1-8. 531 
 24
Ferrari, J., A. C. Darby, T. J. Daniell, H. C. J. Godfray, and A. E. Douglas.  2004.  Linking 532 
the bacterial community in pea aphids with host-plant use and natural enemy resistance. 533 
Ecological Entomology 29:60-65. 534 
Ferrari, J., C. B. Müller, A. R. Kraaijeveld, and H. C. J. Godfray.  2001.  Clonal variation and 535 
covariation in aphid resistance to parasitoids and a pathogen. Evolution 55:1805-1814. 536 
Flor, H. H.  1971.  Current status of the gene-for-gene concept. Annual Review of 537 
Phytopathology 9:275-296. 538 
Frank, S. A.  1991.  Ecological and genetic models of host-pathogen coevolution. Heredity 539 
67:73-83. 540 
Frank, S. A.  1994.  Recognition and polymorphism in host-parasite genetics. Philosophical 541 
Transactions of the Royal Society of London Series B-Biological Sciences 346:283-293. 542 
Grech, K., K. Watt, and A. F. Read.  2006.  Host-parasite interactions for virulence and 543 
resistance in a malaria model system. Journal of Evolutionary Biology 19:1620-1630. 544 
Gwynn, D. M., A. Callaghan, J. Gorham, K. F. A. Walters, and M. D. E. Fellowes.  2005.  545 
Resistance is costly: trade-offs between immunity, fecundity and survival in the pea aphid. 546 
Proceedings of the Royal Society of London Series B-Biological Sciences 272:1803-1808. 547 
Hamilton, W. D.  1980.  Sex versus non-sex versus parasite. Oikos 35:282-290. 548 
Heie, O. E.  1986.  The Aphidoidea (Hemiptera) of Fennoscandia and Denmark. III. Faily 549 
Aphididae: subfamily Pterocommatinae & tribe Aphidini of subfamily Aphidinae. Fauna 550 
Entomologica Scandinavica 17:314 pp. 551 
Henter, H. J.  1995.  The potential for coevolution in a host-parasitoid system. II. Genetic 552 
variation within a population of wasps in the ability to parasitize an aphid host. Evolution 553 
49:439-445. 554 
 25
Henter, H. J., and S. Via.  1995.  The potential for coevolution in a host-parasitoid system. I. 555 
Genetic variation within an aphid population in susceptibility to a parasitic wasp. 556 
Evolution 49:427-438. 557 
Hoffmann, A. A., and P. A. Parsons.  1991.  Evolutionary Genetics and Environmental 558 
Stress. Oxford University Press, Oxford. 559 
Hufbauer, R. A.  2001.  Pea aphid-parasitoid interactions: Have parasitoids adapted to 560 
differential resistance? Ecology 82:717-725. 561 
Jaenike, J.  1978.  A hypothesis to account for the maintenance of sex within populations. 562 
Evolutionary Theory 3:191-194. 563 
Judson, O. P.  1995.  Preserving genes - a model of the maintenance of genetic variation in a 564 
metapopulation under frequency-dependent selection. Genetical Research 65:175-191. 565 
Kraaijeveld, A. R., and H. C. J. Godfray.  1997.  Trade-off between parasitoid resistance and 566 
larval competitive ability in Drosophila melanogaster. Nature 389:278-280. 567 
Kraaijeveld, A. R., K. A. Hutcheson, E. C. Limentani, and H. C. J. Godfray.  2001.  Costs of 568 
counterdefenses to host resistance in a parasitoid of Drosophila. Evolution 55:1815-1821. 569 
Kraaijeveld, A. R., and J. J. M. Van Alphen.  1994.  Geographical variation in resistance of 570 
the parasitoid Asobara tabida against encapsulation by Drosophila melanogaster larvae - 571 
the mechanism explored. Physiological Entomology 19:9-14. 572 
Lambrechts, L., J. Halbert, P. Durand, L. C. Gouagna, and J. C. Koella.  2005.  Host 573 
genotype by parasite genotype interactions underlying the resistance of anopheline 574 
mosquitoes to Plasmodium falciparum. Malaria Journal 4:3. 575 
Lively, C. M., M. E. Dybdahl, J. Jokela, E. E. Osnas, and L. E. Delph.  2004.  Host sex and 576 
local adaptation by parasites in a snail-trematode interaction. American Naturalist 164:S6-577 
S18. 578 
 26
Lynch, M.  1985.  Spontaneous mutations for life-history characters in an obligate 579 
parthenogen. Evolution 39:804-818. 580 
Montllor, C. B., A. Maxmen, and A. H. Purcell.  2002.  Facultative bacterial endosymbionts 581 
benefit pea aphids Acyrthosiphon pisum under heat stress. Ecological Entomology 27:189-582 
195. 583 
Moran, N. A., P. H. Degnan, S. R. Santos, H. E. Dunbar, and H. Ochman.  2005a.  The 584 
players in a mutualistic symbiosis: Insects, bacteria, viruses, and virulence genes. 585 
Proceedings of the National Academy of Sciences of the United States of America 586 
102:16919-16926. 587 
Moran, N. A., and H. E. Dunbar.  2006.  Sexual acquisition of beneficial symbionts in aphids. 588 
Proceedings of the National Academy of Sciences of the United States of America 589 
103:12803-12806. 590 
Moran, N. A., J. A. Russell, R. Koga, and T. Fukatsu.  2005b.  Evolutionary relationships of 591 
three new species of Enterobacteriaceae living as symbionts of aphids and other insects. 592 
Applied and Environmental Microbiology 71:3302-3310. 593 
Oliver, K. M., J. Campos, N. A. Moran, and M. S. Hunter.  2008.  Population dynamics of 594 
defensive symbionts in aphids. Proceedings of the Royal Society B-Biological Sciences 595 
275:293-299. 596 
Oliver, K. M., N. A. Moran, and M. S. Hunter.  2005.  Variation in resistance to parasitism in 597 
aphids is due to symbionts not host genotype. Proceedings of the National Academy of 598 
Sciences of the United States of America 102:12795-12800. 599 
Oliver, K. M., N. A. Moran, and M. S. Hunter.  2006.  Costs and benefits of a superinfection 600 
of facultative symbionts in aphids. Proceedings of the Royal Society B-Biological 601 
Sciences 273:1273-1280. 602 
 27
Oliver, K. M., J. A. Russell, N. A. Moran, and M. S. Hunter.  2003.  Facultative bacterial 603 
symbionts in aphids confer resistance to parasitic wasps. Proceedings of the National 604 
Academy of Sciences of the United States of America 100:1803-1807. 605 
Parker, M. A.  1994.  Pathogens and sex in plants. Evolutionary Ecology 8:560-584. 606 
Poirie, M., F. Frey, M. Hita, E. Huguet, F. Lemeunier, G. Periquet, and Y. Carton.  2000.  607 
Drosophila resistance genes to parasitoids: chromosomal location and linkage analysis. 608 
Proceedings of the Royal Society of London Series B-Biological Sciences 267:1417-1421. 609 
R Development Core Team.  2008.  R: a language and environment for statistical computing. 610 
http://cran.r-project.org. 611 
Raymond, B., J. B. Searle, and A. E. Douglas.  2001.  On the processes shaping reproductive 612 
isolation in aphids of the Aphis fabae (Scop.) complex (Aphididae : Homoptera). 613 
Biological Journal of the Linnean Society 74:205-215. 614 
Russell, J. A., A. Latorre, B. Sabater-Munoz, A. Moya, and N. A. Moran.  2003.  Side-615 
stepping secondary symbionts: widespread horizontal transfer across and beyond the 616 
Aphidoidea. Molecular Ecology 12:1061-1075. 617 
Russell, J. A., and N. A. Moran.  2005.  Horizontal transfer of bacterial symbionts: 618 
Heritability and fitness effects in a novel aphid host. Applied and Environmental 619 
Microbiology 71:7987-7994. 620 
Salvaudon, L., V. Heraudet, and J. A. Shykoff.  2007.  Genotype-specific interactions and the 621 
trade-off between host and parasite fitness. BMC Evolutionary Biology 7:Art. No. 189. 622 
Sandrock, C., N. Frauenfelder, S. Von Burg, and C. Vorburger.  2007.  Microsatellite DNA 623 
markers for the aphid parasitoid Lysiphlebus fabarum and their applicability to related 624 
species. Molecular Ecology Notes 7:1080-1083. 625 
Sandström, J. P., J. A. Russell, J. P. White, and N. A. Moran.  2001.  Independent origins and 626 
horizontal transfer of bacterial symbionts of aphids. Molecular Ecology 10:217-228. 627 
 28
Sasaki, A.  2000.  Host-parasite coevolution in a multilocus gene-for-gene system. 628 
Proceedings of the Royal Society of London Series B-Biological Sciences 267:2183-2188. 629 
Sasaki, A., and H. C. J. Godfray.  1999.  A model for the coevolution of resistance and 630 
virulence in coupled host-parasitoid interactions. Proceedings of the Royal Society of 631 
London Series B-Biological Sciences 266:455-463. 632 
Scarborough, C. L., J. Ferrari, and H. C. J. Godfray.  2005.  Aphid protected from pathogen 633 
by endosymbiont. Science 310:1781-1781. 634 
Schulenburg, H., and J. J. Ewbank.  2004.  Diversity and specificity in the interaction 635 
between Caenorhabditis elegans and the pathogen Serratia marcescens. BMC 636 
Evolutionary Biology 4:49. 637 
Simon, J. C., S. Carre, M. Boutin, N. Prunier-Leterme, B. Sabater-Munoz, A. Latorre, and R. 638 
Bournoville.  2003.  Host-based divergence in populations of the pea aphid: insights from 639 
nuclear markers and the prevalence of facultative symbionts. Proceedings of the Royal 640 
Society of London Series B-Biological Sciences 270:1703-1712. 641 
Starý, P.  2006.  Aphid Parasitoids of the Czech Republic (Hymenoptera: Braconidae, 642 
Aphidiinae). Academia, Praha. 643 
Tsuchida, T., R. Koga, and T. Fukatsu.  2004.  Host plant specialization governed by 644 
facultative symbiont. Science 303:1989-1989. 645 
Tsuchida, T., R. Koga, M. Sakurai, and T. Fukatsu.  2006.  Facultative bacterial 646 
endosymbionts of three aphid species, Aphis craccivora, Megoura crassicauda and 647 
Acyrthosiphon pisum, sympatrically found on the same host plants. Applied Entomology 648 
and Zoology 41:129-137. 649 
Tsuchida, T., R. Koga, H. Shibao, T. Matsumoto, and T. Fukatsu.  2002.  Diversity and 650 
geographic distribution of secondary endosymbiotic bacteria in natural populations of the 651 
pea aphid, Acyrthosiphon pisum. Molecular Ecology 11:2123-2135. 652 
 29
Van Opijnen, T., and J. A. J. Breeuwer.  1999.  High temperatures eliminate Wolbachia, a 653 
cytoplasmic incompatibility inducing endosymbiont, from the two-spotted spider mite. 654 
Experimental and Applied Acarology 23:871-881. 655 
Via, S.  1991.  The genetic structure of host plant adaptation in a spatial patchwork - 656 
demographic variability among reciprocally transplanted pea aphid clones. Evolution 657 
45:827-852. 658 
von Burg, S., J. Ferrari, C. B. Müller, and C. Vorburger.  2008.  Genetic variation and 659 
covariation of susceptibility to parasitoids in the aphid Myzus persicae – no evidence for 660 
trade-offs. Proceedings of the Royal Society B-Biological Sciences 275:1089-1094. 661 
Webster, J. P., and M. E. J. Woolhouse.  1998.  Selection and strain specificity of 662 
compatibility between snail intermediate hosts and their parasitic schistosomes. Evolution 663 
52:1627-1634. 664 
 665 
 30
FIGURE CAPTIONS 666 
 667 
Fig. 1. Susceptibility of 24 Swiss clones of A. f. fabae to two thelytokous lines of the 668 
parasitoid L. fabarum. Each point represents the mean of 10 replicate assays of the same 669 
combination. 670 
 671 
Fig. 2. Significant correlation between adult mass and daily fecundity in the 24 clones of 672 
Aphis fabae used in this study (r = 0.681 ± 0.156 SE, P < 0.001). This correlation is still 673 
significantly positive when restricted to clones without secondary symbionts (r = 0.645 ± 674 
0.242, P = 0.024), and positive but not significant when restricted to clones harboring H. 675 
defensa (r = 0.448 ± 0.338, P = 0.224). 676 
 677 
Fig. 3. Relationship between fecundity and the mean susceptibility to two genotypes of the 678 
parasitoid Lysiphlebus fabarum in 24 clones of Aphis fabae. Across all clones, there was a 679 
significant negative correlation between the two traits (r = -0.580 ± 0.174, P = 0.003). In 680 
clones without H. defensa, there is no significant relationship (r = -0.285 ± 0.266, P = 0.303), 681 
nor is there a significant relationship in clones without any secondary symbionts (r = -0.371 ± 682 
0.294, P = 0.235). 683 
 684 
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Table 1. Collection information and genotypes at eight microsatellite loci (Coeur d'Acier et al. 2004) for the 24 clones of Aphis fabae used in this study. 
     Microsatellite locus 
Sample ID Collection site Latitude, longitude Host plant Secondary symbiont AF-48 AF-50  AF-82  AF-85  AF-86  AF-181  AF-beta  AF-F  
204 Steinmaur 47°30'N, 8°27'E Chenopodium album Hamiltonella defensa 307 315 257 257 177 204 220 222 217 219 309 311 280 280 127 127 
205 Steinmaur 47°30'N, 8°27'E Chenopodium album - 321 321 255 257 171 177 220 222 215 219 309 311 280 295 127 127 
206 Steinmaur 47°30'N, 8°27'E Chenopodium album - 315 315 257 272 167 177 220 224 217 217 311 311 280 282 127 129 
208 Steinmaur 47°30'N, 8°27'E Chenopodium album Hamiltonella defensa 307 315 257 274 177 177 222 222 217 219 311 317 282 297 134 134 
252 Chur 46°51'N, 9°32'E Chenopodium album - 313 315 257 272 167 169 220 222 219 219 309 309 280 280 127 134 
253 Chur 46°51'N, 9°32'E Chenopodium album - 307 319 257 257 171 177 220 224 219 219 309 311 282 297 127 127 
257 Chur 46°51'N, 9°32'E Chenopodium album - 315 315 257 272 169 171 220 220 219 219 313 313 278 282 132 134 
259 Haldenstein 46°53'N, 9°32'E Vicia faba Regiella insecticola 313 315 255 257 171 177 220 222 219 219 311 313 282 329 127 127 
267 Zizers 46°56'N, 9°34'E Chenopodium album - 313 315 255 274 177 177 220 220 215 219 311 311 280 280 127 129 
323 Aesch 47°28'N, 7°36'E Vicia faba Hamiltonella defensa 315 315 257 272 177 177 220 222 215 215 309 309 280 280 134 136 
326 Aesch 47°28'N, 7°36'E Vicia faba Regiella insecticola 307 315 255 257 177 177 220 224 219 219 309 311 278 280 123 129 
327 Aesch 47°28'N, 7°36'E Vicia faba Hamiltonella defensa 315 315 257 272 173 177 220 222 215 219 309 309 280 280 127 136 
329 Arlesheim 47°30'N, 7°37'E Chenopodium album Hamiltonella defensa 313 315 257 272 177 177 220 224 217 219 309 317 280 297 127 127 
333 Muttenz 47°32'N, 7°38'E Beta vulgaris  Regiella insecticola 313 319 257 257 169 177 220 224 219 219 313 313 280 280 127 127 
336 Muttenz 47°32'N, 7°38'E Vicia faba Hamiltonella defensa 315 315 257 272 177 177 220 222 219 219 309 311 280 280 127 129 
401 St. Margrethen 47°27'N, 9°38'E Chenopodium album - 307 321 257 274 177 198 220 220 219 219 311 311 282 282 127 134 
402 St. Margrethen 47°27'N, 9°38'E Chenopodium album Hamiltonella defensa 315 315 257 257 177 177 220 220 219 219 309 313 280 280 127 127 
403 St. Margrethen 47°27'N, 9°38'E Chenopodium album Hamiltonella defensa 315 315 272 272 177 177 220 220 215 215 313 313 280 280 127 129 
404 St. Margrethen 47°27'N, 9°38'E Chenopodium album - 307 313 272 272 177 177 220 220 217 219 313 313 280 280 129 129 
405 St. Margrethen 47°27'N, 9°38'E Chenopodium album - 315 317 257 257 167 177 220 220 217 219 311 311 280 282 127 127 
407 St. Margrethen 47°27'N, 9°38'E Chenopodium album - 315 315 272 272 177 177 218 220 215 215 309 309 280 282 127 127 
409 St. Margrethen 47°27'N, 9°38'E Chenopodium album - 313 315 257 257 177 177 220 224 219 219 309 309 280 282 127 134 
445 Bülach 47°31'N, 8°32'E Chenopodium album - 313 321 257 272 177 177 220 222 219 219 309 309 280 280 127 129 
Af1 Zürich 47°24'N, 8°33'E Euonymus europaeus Hamiltonella defensa 315 315 257 257 177 177 218 222 219 219 311 317 280 282 127 134 
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Table 2. Collection information and genotypes at 12 microsatellite loci (Fauvergue et al. 
2005; Sandrock et al. 2007) for the two thelytokous lines of L. fabarum used in this study.  
 Isofemale line  
 06-297 07-59 
Collection site: Rennes, France 
(48°05'N, 1°45'W) 
Zürich, Switzerland 
(47°24'N, 8°33'E) 
Collection date: June 14, 2006 September 25, 2007 
Collected from: Aphis fabae cirsiiacanthoides 
on Cirsium arvense 
Aphis hederae 
on Hedera helix 
Microsatellite 
genotypes: 
  
 Locus Lysi01 077 079 079 079 
 Locus Lysi02 084 096 080 098 
 Locus Lysi03 165 167 161 169 
 Locus Lysi05 110 120 110 112 
 Locus Lysi06 197 203 195 197 
 Locus Lysi07 183 183 183 183 
 Locus Lysi08 092 109 088 101 
 Locus Lysi10 111 165 127 228 
 Locus Lysi13 119 119 121 125 
 Locus Lysi15 103 103 109 109 
 Locus Lysi16 125 125 125 125 
 Locus Lysi5a12 178 178 174 174 
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Table 3. Results of linear mixed effects models for the proportion of aphids mummified by 
parasitoids. Proportions were arcsin square-root transformed before analysis. P-values of 
random effects are based on likelihood ratio tests, P-values of fixed effects on the HPD 
intervals obtained from MCMC sampling as implemented in the languageR library of R 
(Baayen 2008). 
 
Source 
Variance components for random effects/
coefficient for fixed effects (95% HPD) 
 
LR χ2 
 
P 
All aphid clones    
 Colony size -0.0019 (-0.0045, 0.0007)  0.161 
 Block 0.0011 (0.0000, 0.0045) 5.238 0.022 
 Infection with H. defensa -0.6911 (-0.7795, -0.5988)  < 0.001 
 Parasitoid line -0.0596 (-0.1181, -0.0011)  0.049 
 Infection × parasitoid 0.0080 (-0.0855, 0.1076)  0.876 
 Host clone (infection) 0.0055 (0.0007, 0.0118) 45.937 < 0.001 
 Parasitoid × host clone 0.0046 (0.0003, 0.0085) 8.480 0.004 
 Residual 0.0344 (0.0310, 0.0408)   
H. defensa-free clones    
 Colony size -0.0031 (-0.0067, 0.0006)  0.097 
 Block 0.0023 (0.0000, 0.0084) 4.506 0.034 
 Parasitoid line -0.0608 (-0.1147, -0.0072)  0.026 
 Host clone 0.0081 (0.0017, 0.0173) 21.953 < 0.001 
 Parasitoid × host clone 0.0000 (0.0000, 0.0029) 0.000 0.999 
 Residual 0.0485 (0.0412, 0.0578)   
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Table 4. Results of linear mixed effects models for adult mass and daily fecundity. P-values 
for random effects are based on likelihood ratio tests, P-values of fixed effects on the HPD 
intervals obtained from MCMC sampling as implemented in the languageR library of R 
(Baayen 2008). 
 
Source 
Variance components for random effects/
coefficient for fixed effects (95% HPD) 
 
LR χ2 
 
P 
Adult mass    
 Block 0.000 (0.000, 0.001) 0.000 1.000 
 Infection with H. defensa 0.075 (0.006, 0.147)  0.035 
 Clone (infection) 0.011 (0.003, 0.009) 74.42 < 0.001 
 Residual 0.014 (0.012, 0.018)   
Daily fecundity    
 Block 0.074 (0.010, 0.291) 8.982 0.003 
 Infection with H. defensa 0.828 (0.327, 1.302)  0.002 
 Clone (infection) 0.329 (0.114, 0.477) 45.34 < 0.001 
 Residual 1.415 (1.256, 1.649)   
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Fig. 1. Susceptibility of 24 Swiss clones of A. f. fabae to two thelytokous lines of the parasitoid L. 
fabarum. Each point represents the mean of 10 replicate assays of the same combination.  
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Fig. 2. Significant correlation between adult mass and daily fecundity in the 24 clones of Aphis fabae 
used in this study (r = 0.681 ± 0.156 SE, P < 0.001). This correlation is still significantly positive 
when restricted to clones without secondary symbionts (r = 0.645 ± 0.242, P = 0.024), and positive 
but not significant when restricted to clones harbouring H. defensa (r = 0.448 ± 0.338, P = 0.224).  
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Fig. 3. Relationship between fecundity and the mean susceptibility to two genotypes of the 
parasitoid Lysiphlebus fabarum in 24 clones of Aphis fabae. Across all clones, there was a significant 
negative correlation between the two traits (r = -0.580 ± 0.174, P = 0.003). In clones without H. 
defensa, there is no significant relationship (r = -0.285 ± 0.266, P = 0.303), nor is there a 
significant relationship in clones without any secondary symbionts (r = -0.371 ± 0.294, P = 0.235). 
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